Abstract-The first demonstration of a pneumatic soft continuum robot is integrated in series with a rigid robot arm, safely performing teleoperated diathermic tissue-cutting. The rigid arm autonomously maintains a safe tool contact force, while the soft arm manually follows the desired cutting path. Ex-vivo experimentation demonstrates submillimetric deviations from target paths.
of the surgical robot within the patient [19] [20] [21] , and teleoperation of the robot [22] [23] [24] .
The rigid nature of conventional surgical robotic arms makes their manipulation in tortuous body cavities and surgery around important organs difficult. This means the surgeon might not be able to apply MIS, being forced to resort to more traumatic open surgery techniques. Flexible robotic arms have a larger potential to overcome this limitation, making MIS an option for more cases, e.g., complex surgery in the throat, chest, or abdominal cavity and gynecological operations. This paper demonstrates the successful integration of a rigid-link arm for tool insertion with a soft manipulator for safe tissue interaction, focusing on the application of diathermy to controlled tissue-cutting. A pneumatic soft continuum robot is used, emphasizing the quantitative analysis of cutting performance, as opposed to previous work on similar tasks, which made use of catheterlike robots [25] , rigid hyperredundant robots [4] , and simulations [24] or made no assessment of cut accuracy [6] , [26] . The goal is to prove that the higher potential for tortuous maneuverability of flexible robots does not involve a loss of the end-effector teleoperation accuracy demonstrated by rigid-link arms.
The soft continuum manipulator considered in this paper was developed as part of the EU FP7 STIFF-FLOP Project [27] , [28] . It is conceived as a modular device [27] , [29] , inspired by an octopus' tentacles [30] [31] [32] . It is composed of serially connected modules fabricated from Ecoflex 0050 silicone, pictured in Fig. 1(a) , and is individually actuated by regulating the pressure of three internal chambers, as shown in the cross section of Fig. 1(c) . The undesirable ballooning effect observed at higher pressures was initially restrained through an external sleeve [33] and was later substituted by internal braiding of the individual chambers to eliminate existing sensing and actuation issues [34] . In addition, the modules can be provided with a stiffening mechanism based on vacuum-actuated granular jamming [35] , [36] of additional internal chambers filled with ground coffee granules, as shown in Fig. 1(d) . The design and fabrication processes of the modules are not a contribution of this paper, and more details can be found in [28] [29] [30] [31] [32] [33] [34] .
The rest of this paper is organized as follows. Section II presents the high-level task decomposition for the integrated system. Section III describes the models used to control the system. Section IV introduces the ex-vivo experimental setup and methodology. Section V analyzes and discusses the ex-vivo experimental results. Section VI summarizes the main conclusions and future work directions. soft continuum manipulator with enough flexibility to safely maneuver within the patient's body and reach the surgery location, while providing the stiffness needed to carry the surgical instrument and maintain its position [see Fig. 1 
The integrated overall system and its different components are shown in Fig. 1(b) . Each of these subsystems employs different actuation strategies and sensors, depending on the different stages of the electrical diathermy cutting procedure addressed in this paper. The soft robot shown in Fig. 1(b) is made up of three identical modules, each 5-cm long. The overall dimension of the soft robot, including the three intermodule connectors but excluding the cutting tool, is about 20 cm in length under rest position.
A. Positioning of Rigid-Link Arm
The first task phase consists of moving the rigid-link arm outside the patient's body, from its initial configuration to the desired insertion pose through a laparoscopy port. The goal and trajectory are preprogrammed when planning the surgery, taking into account the location of the body, entry point, and the length of the soft manipulator attached to its end-link. The planned path is followed by the rigid arm based on the speed and position feedback from its sensors, using the standard inverse kinematics (IK) model of the robot arm to calculate the joint speed commandsθ necessary to follow the desired trajectory in differential Cartesian coordinates of the fixed workspace reference framė q W through the inverse of the corresponding Jacobian matrix J W as follows:θ
During this stage, the soft manipulator only reacts passively to the effect of gravity, maintaining its tip aligned with the forward direction of the arm's end-link so as to facilitate insertion once the entry location is reached. This can be achieved by measuring intermodule forces and torques [37] , with the stiffness tuning method proposed in [38] .
B. Insertion, Approach, and Contact
The second phase encompasses the insertion of the soft manipulator within the body of the patient. The motion of the rigid arm is constrained to linear translation along and roll rotation around the axis of insertion. Therefore, bending the soft manipulator might be necessary in order to face the operation location and/or avoid any en route organs/structures until contact is made with the targeted tissue.
During this stage, the forward motion of the rigid arm is manually enabled by the operator and is automatically driven by the contact force so as to ensure a safely bounded contact force. The backward motion is manually driven by the operator, whenever retraction is necessary.
The desired bending of the soft manipulator can be achieved through manual teleoperation combining visual position feedback and a threedimensional (3-D) IK model of the soft manipulator, as proposed in [13] .
C. Soft Manipulator Controlled Cutting
Once the desired contact force and relative location between the end of the soft manipulator and the targeted tissue are achieved, the third and final phase of the task is entered. The stiffness of the current bent configuration of the soft manipulator is increased through the activation of the granular jamming in the first and second modules.
Meanwhile, the second and third modules are actuated in the desired cutting direction, activating the electroknife to perform the cut. The normal contact force is maintained through the linear insertion/extraction motion of the rigid arm, automatically compensating any normal elongation/shortening of the bent soft manipulator and reducing the effective dimensionality of the cutting motion to the surface of the tissue.
It is important to note that the activation of the stiffening elements generally does not produce a significant change in the shape of the first two modules but rather helps them maintain the desired shape at the moment of activation. However, on occasions, a slight change of shape can be momentarily observed upon activation. Nonetheless, this activation is performed only once the tool-tissue contact is already established and the contact force control is active. Therefore, these slight shape changes did not result in deviations of the tool-tissue contact position or unsafe contact forces.
III. MODELING AND CONTROL
The following models are used to control the motion of the system through the different task stages.
A. Contact Force Regulation
During the second and third phases of the task, the position of the rigid-link arm is no longer controlled relative to the workspace reference frame but rather to its local end-effector reference framė q E . In addition, external constraints are added so that the rigid arm is only allowed to move along and rotate around that frame's Z-axis
As a result, the IK problem is now solved through the end-effector frame Jacobian matrix J E using only the insertion/retractionż E and rollφ E speeds as inputs. Since the system is now redundant, the pseudoinverse of the Jacobian matrix can be used as follows:
The roll angular speed is directly controlled by the operator in order to reorient the soft manipulator during insertion/cutting in phases two and three. On the other hand, the insertion/retraction linear speed is automatically generated by a proportional-integral differential (PID) impedance controller, which takes the indirectly measured contact force F as an input and drives it towards a desired force reference value F R by inserting/retracting the end-effector of the rigid arm to compensate insufficient/excessive forces, applying (3) . The gains of the controller k P , k I , and k D are tuned to achieve settling times below 2 s and to maintain forces below a 1-N maximum safety threshold. Thus, we havė
B. Soft Manipulator Two-Dimensional Cutting Motion
During the third phase, once the cutting tool is in contact with the target tissue and tracking of the desired path is initiated, the contact is maintained and the associated force regulated automatically by the rigid-link, as given in (3). In consequence, the teleoperation of the soft manipulator can be focused solely on displacing its end-effector across the surface following the desired path. The components of the planar displacement generated by the nth soft module p X n and p Y n through the bending/elongation produced when actuating its chambers can be estimated as the geometric superposition of the individual internal chamber contributions p 1 n /p 2 n /p 3 n , using the two-dimensional (2-D) abstraction depicted in Fig. 2 , as follows: The third component p Z n corresponds to the average internal pressure of all three chambers and prevents the inverse system from being underdetermined so that a unique solution for the internal chamber pressures can be calculated. Variations of this last component translate into changes of manipulator elongation rather than of the normal contact force since the rigid arm force regulation passively accommodates for these length changes to preserve the desired contact force.
Throughout this phase, the activation of the granular jamming in the first two modules, as described in Section II-C, keeps their stiffness and elongation roughly constant, providing a rigid-enough base for the bending of the third module to carry out the cutting action. The stiffness and elongation of the third module, while not explicitly included in the model, are indirectly accounted for by the third component of (4). Moreover, as explained in Section III-A, the automatic insertion/retraction of the rigid-link arm to regulate the contact force passively compensates any change in elongation of the soft manipulator, i.e., without requiring an explicit elongation estimate.
When the diathermy cutting tool is activated, the commanded displacement will cause the knife electrode to cut in the desired direction as the soft manipulator bends in the said direction. If the tool has a preferential cutting direction, as is the case of the spatula-shaped electrode used in this paper, only the aligned push component p X n or p Y n , depending on the configuration, will be effective in advancing the cut, while the cut direction will be controlled by the teleoperated roll rotation of the rigid-link arm.
IV. EXPERIMENTAL METHODOLOGY
The described task and control paradigms are implemented in a physical platform for experimental validation. The aim is not only to demonstrate its functionality but also to quantitatively assess its ability to follow ex-vivo cutting trajectories.
A. Hardware Components and Interfaces
A labeled image of the integrated experimental setup is shown in Fig. 3 . The rigid-link arm used for the experimentation is the MELFA RV-1a robot arm. It comes with six rotary joints in a yaw-pitch-pitchroll-pitch-roll sequence, enabling full six degrees of freedom pose control of its end-effector over a workspace volume of approximately 10 5 cm 3 . The position of each joint is controlled by a proprietary Mitsubishi controller, which also provides real-time feedback of the angular position, speed, and torque of each joint. The controller box is programmed using the MoveMaster language to relay position commands and joint feedback from/to a computer at a 70-Hz rate via Ethernet.
A 6-axis force/torque ATI Nano17 sensor, with a force resolution down to 1.46 mN, is rigidly attached to the end-effector of the rigidlink arm. The analog outputs of this sensor are fed to a Shadow Robot Company RoNeX module, which samples the signals and transmits the measurements to the computer terminal at high speed through an EtherCAT connection. The soft manipulator is rigidly attached to the other end of the ATI Nano17 sensor. The configuration used consists of three modules, each with three pneumatic chambers individually actuated by means of Camozzi K8P pressure microregulators, modulating a 150-kPa air inlet according to pulse width modulation outputs produced by the RoNeX module [39] . The two first modules are provided with three additional granular jamming chambers similar to those illustrated in Fig. 1(d) and are activated through RoNeX-driven Camozzi vacuum regulators, as well as a RoNeX-sampled 2-axis flexion torque sensor [37] linking both modules.
The knife electrode of an ERBE VIO 50C electrosurgical system is fixed at the end of the third module, routing its connection through the central channel of the soft manipulator and the link chain of the MELFA arm. Three fiducial markers are placed at 120°around the knife at the end of the third module, captured by a contextual universal serial bus (USB) camera for pose-tracking using the ARUCO library [40] . In a more realistic scenario, e.g., in-vivo testing or an actual MIS procedure, this USB camera could be replaced by a laparoscopic camera. Such a real-time contextual visualization is crucial for the user to account for the slight delay of pneumatic actuation and soft module deformation relative to traditional rigid manipulator joints.
The user interface is provided by the master input device, manually controlled and provided with ten configurable buttons for high-level task control and two joysticks for teleoperation. The only exception is the activation of the electrosurgical tool, which is performed through the cutting pedal provided by ERBE. Both input devices are shown as insets in Fig. 3 .
B. Software Architecture
The software used to operate the system was implemented using the robot operating system framework. The main nodes comprising the architecture, as depicted in the block diagram of Fig. 4 , have the following functionalities.
1) Phase Control:
This node reads the inputs from the master input device and uses those inputs both for teleoperation and to control transitions between task phases and operation modes. According to the current task phase, the control mode, and the other inputs from the master input device, the node generates the corresponding actuation commands for the soft manipulator and the MELFA rigid arm.
2) Force Control: During phases 2 and 3, while not in the manual retraction mode, this node generates the forward/backward motion command for the rigid arm, according to the ATI Nano17 reading from RoNeX and the desired force.
3) MELFA IK:
This node solves the IK model for the MELFA rigid arm to produce the joint speed commands, according to the feedback from sensors, and the desired preprogrammed path during phase 1, the output of the force regulator during phase 2, or the manual retraction/roll during phases 2/3.
4) Soft Robot Three-Dimensional IK:
This node generates the chamber pressure commands required to achieve the desired bending of the soft manipulator, according to the flexion torque measurements during phase 1, as proposed in [38] , or the inputs from the master input device during phase 2, as proposed in [13] .
5) Soft Robot Two-Dimensional IK: During phase 3, this node
generates the chamber pressure levels necessary to yield the desired cutting action with the soft manipulator, according to the reduced 2-D IK model presented in Section III-B.
6) Output Visualization:
This node receives the joint position feedback from the MELFA rigid arm and the visual feedback from the USB camera to generate a contextual video stream and a 3-D visualization of the system's position in real time to guide the operator.
C. Ex-Vivo Tissue-Cutting Using Electric Diathermy
Electric diathermy is a widely used and versatile tool for surgeons of all specialties. It is used to safely cut tissue and organs with precision and with minimal blood loss [41] . Safety for an electrical diathermy cutting procedure refers to avoiding excessive contact forces while cutting a tissue or an organ. Electric diathermy cutting is particularly attractive to MIS and robotic surgery as the diathermy tips can be customized and is one of the common tools used [42] . Ex-vivo use of diathermy is also well established both for evaluation of the tool and for the training of surgeons. Using diathermy as the tool for testing the STIFF-FLOP soft robot seemed ideal due to real-life similarities and applications. Challenges included customizing a widely used tool for a flexible robot arm while preserving maneuverability, functionality, and accuracy, which has not been done before using a soft continuum robot.
The use of electrical diathermy in robotic surgery is well studied, and the aim of this section is to investigate the control of a standard diathermy tip on standard tissue used for ex-vivo training. The same trials are carried out on chicken and pig tissues to test the robustness, cutting precision, and repeatability of this soft robotic instrument on animal tissues with different stiffness properties. Animal muscular tissue samples were chosen over an in-vitro rigid substrate to emphasize the testing of the specific application proposed, maintaining a balance between controlled testing conditions in terms of surface and stiffness consistency, and a realistic substrate that closely mimics the tissue density of organs, such as the prostate, uterus, or the wall of the pharynx. The tissue used corresponds to the pectoral muscle of chicken and psoas major of a pig. Further, chicken and pig muscle tissues are commonly used substrates for training surgeons in diathermy.
The average stiffness measured during the initial contact phase for the chicken pectoral muscle is 1.836 N/cm and that for pig psoas major is 1.434 N/cm. In order to assess the capability of the system to adapt to different target cutting trajectories, tests are performed both in straight and curved trajectories with curvature radii decreasing from 2.5 down to 1 cm. Depending on the radius of curvature, the total length of the desired cutting path varies between 21 and 32 mm. Every test combination, i.e., each tissue type and cut curvature, is carried out three times for statistical significance. It is pointed out that there would not be any mechanical or electrical interferences between the cutting tool and manipulator components since the wiring of the cutting tool (currently only actuation, no sensing signals are received directly from the knife) is embedded within the soft modules, routed together with the actuation/sensing channels of the modules with proper insulation.
The goal position of phase 1 of all experiments is defined for the insertion axis to be aligned with the desired contact position and approximately normal, i.e., angle deviations below ±5°, to the target tissue surface, which is in a roughly horizontal position. More complex configurations and bigger misalignments would be possible, thanks to the capability of the rigid-link arm to maintain its positioning accuracy regardless of the trajectory and the capability of the soft modules to compensate the effect of gravity and to maintain their configuration using their granular jamming mechanism. However, in a more realistic scenario, it is likely that the insertion port will not be aligned with the target surface, and the soft robot will need to assume a complex configuration to conform to the tortuous internal shape of the organism to reach the target location.
Such conditions would require more complex sensing schemes, e.g., intermodule and skin force/torque sensors to discern interaction forces with the trocar port or en-route organs, and a more general hybrid force-motion controller, expanding the frameworks proposed in [43] and [44] to multisegment soft manipulators with variable stiffness. Although such improvements would emphasize the potential superiority of soft continuum manipulators in safely following tortuous paths when navigating inside the human body, the focus of this paper and its experiments is to demonstrate the capability of the proposed system to follow 2-D trajectories with its end-effector while controlling the contact force, matching the accuracy levels that teleoperated rigid-link surgical robots are capable of [45] .
The desired trajectories are marked onto the tissue by applying ink dots, without piercing or indenting the tissue itself to avoid influencing the cut. Dots are spaced in a 4 mm × 5 mm grid, using black ink for the cut path itself to guide the operator and white ink for intermediate dots for manual ground truth measurements using a 0.01-mm resolution digital caliper.
These measurements are performed both prior to and after each test so as to account for tissue deformations caused by the cut when assessing its accuracy. The template grid and cutting paths used are shown in Fig. 5 , together with samples of chicken tissues with curved and straight trajectories before and after carrying out the cutting tests (see Fig. 6 ). As expected, the tissue in contact or close vicinity to the cut trajectory was deformed due to the shrinking caused by the cutting and heating. Nevertheless, most of the points forming the "control mesh," painted in white in between the target cut trajectories, remained outside those deformed tissue regions. This can be qualitatively seen by comparing the bottom and top images (same tissue before and after the tests) shown in Fig. 6 . Only those "control" points that were clearly unaffected by this deformation were used to measure the XY-location of the edges of each cut.
V. EXPERIMENTAL RESULTS
Three main quantifiable aspects of the system's operation were measured during and after the experiments and analyzed to assess the suitability and efficiency of the designed solution: 1) the measured contact force relative to the desired safety range; 2) the deviations of the actual cutting path from the predefined target trajectory; and 3) the consistency of cut depth, width, and speed.
A. Contact Force Regulation
The target contact force was changed to three different levels (0.15, 0.3, and 0.45 N) for each of the combinations of tissue and cut curvature tested so as to assess the capability of the contact force controller to maintain the desired safe values for a range of small forces. These values were chosen according to the safe contact force recommended for catheter insertion [46] , [47] , ranging from 0.1 to 0.8 N, and characterized for the operation of miniaturized cutting [48] and electrocautery [49] tools operating on muscular tissue, between 0.1 and 0.4 N.
The evolution of the registered contact force through time, during a test, follows the same pattern, regardless of the type of tissue or trajectory shape, as shown by the sample curves in Fig. 7 . The force value remains close to zero during the first phase and most of the second phase of the task until the electrosurgical knife touches the tissue. A steep rise ensues, which is rapidly counteracted by the force regulation to achieve the selected contact force. The overshoot phase is due to the gains chosen for the PID controller used to regulate the normal contact force, as described in Section III-A. It lasts for less than 2 s, as per the target settling time mentioned in Section III-A. This overshoot can be avoided by tuning the parameters of the PID controller to be less aggressive but at the expense of a slower response time, which is undesirable. A tradeoff was conducted to select suitable values of the controller gains without compromising much on the speed of tissue-cutting.
The contact force is successfully maintained close to the desired values, marked by horizontal dashed lines shown in Fig. 7 and vertical dashed lines shown in Fig. 8(a) , as the soft manipulator is actuated and the electrosurgical knife is activated to produce the cut. A minor rise of the contact force usually appears towards the end of the cut, when initiating the retraction of the tool, but it always remains well below the peak reached during the initial contact phase and within the specified 1 N safety limit.
On average, the contact force measured during the cutting action was consistently close to the target but generally slightly lower, as shown in Fig. 8(a) . This contributes to a safer operation, together with the ubiquitous satisfaction of the 1-N maximum force threshold, as depicted in the same graph.
The peak forces do experience a steady growth as the target force is increased, raising the possibility of eventually surpassing the 1-N threshold when further increasing the target force value. No statistically significant difference is observed between the two types of tissues tested, although peak forces where higher on average with chicken tissues.
B. Cut-Tracking Accuracy
When it comes to the accuracy with which the teleoperated system was able to follow the desired cut trajectory, no significant errors were experienced. As shown in Fig. 5 , which overlays the mean executed cuts with one standard deviation interval on the desired paths, the experimental results follow the targeted paths accurately. Therefore, the teleoperation delays mentioned in Section IV-A were not significant enough to result in a loss of accuracy, once the user is familiar with the system. Overall, as depicted in Fig. 8(b) , the mean cutting errors are below 1 mm. These values are not expected to be significantly lower than those achieved by a human in hand-held ex-vivo diathermy cutting, but they also leave a little margin for improvement under the said testing conditions. They undergo a constant decrease as the curvature of the targeted path is reduced, achieving minimum errors for the straight trajectories. However, these curvature-induced differences are not significant in comparison with the experimental standard deviations plotted in the same graph. Similarly, the errors on tests with chicken tissues are lower on average than those on tests with pig tissues, but the differences between both are not significant. The "mean path followed" overlaid in Fig. 5 and used to calculate the cut-tracking errors plotted in Fig. 8(b) was estimated as the centerline equidistant from those measured cut edges. The minimization of tissue deformation effect over cut accuracy assessment was double-checked quantitatively by measuring the relative distances between the "control" points used after the test and comparing them with their values before the tests. This ensured that the variation of these relative distances was below 5%, and the cut edge measurements were normalized according to those variations from the pre-to-post testing.
The path-tracking errors are in the same order of magnitude as those achievable using a traditional rigid-link robot [45] , validating the soft robot proposed as a potential replacement for rigid-link manipulators in the application considered.
C. Cut Depth, Width, and Speed
The measured width of the cuts performed demonstrates a high consistency throughout all tests, staying in the 1.2-2.3 mm range on average and without any significant influence from the tissue type or contact force applied, as summarized in Table I . The same table presents an increase of the measured cut depth as the contact force applied grows, both for the pig and chicken tissues, going from 5-6 mm for a 0.15-N force up to 8-9 mm for a 0.45-N force. The depth is slightly smaller and increases faster with force for the chicken tissue tests due to its higher stiffness.
Depth variability during these tests is also significantly higher, with standard deviations over twice as big as those during experiments with pig tissues, potentially due to higher tissue heterogeneity and surface unevenness. The average execution time for the full task ranged from 30 to 55 s, with an average of ∼36 s. The time spent in the cutting operation itself, i.e., phase 3, accounted for roughly half of that time, with an average of ∼18 s to complete the cut. This amounts to an effective cutting speed of 1.39 mm/s on average.
VI. CONCLUSION
The outcomes of safe real-time testing and validation of a new robotic surgical manipulator, which exploits the complementary advantages of a conventional rigid-link articulated arm and a novel soft pneumatic continuum manipulator, are presented in this paper. Ex-vivo validation of the integrated system was conducted successfully by demonstrating a precise tissue-cutting through electrical diathermy. This paper advances the state-of-the-art of robot-assisted MIS procedures requiring tissue resection or ablation in regions otherwise difficult to access.
The results presented go beyond previously published research works in that they simplify the teleoperated control of the cutting tool by decoupling safe contact force regulation, achieved through the rigid-link arm, and 2-D cut path tracking, achieved through the soft manipulator. They also contribute an unprecedented quantitative analysis of robot-assisted diathermy cutting accuracy with a system of this type.
The effectiveness of the robotic surgical manipulator proposed was validated using laboratory experiments on ex-vivo animal soft tissues, and its efficiency was quantitatively evaluated in terms of its ability to control the contact force applied and to precisely track the desired cutting trajectory. The system is able to track desired small forces, both avoiding contact loss and excessive forces. Errors when following the path were small and consistent for different path curvatures and two different types of tissues with different textures.
Future research will improve on the usability of the teleoperation system, making it more accessible to users who are not familiar with the master input device. Haptic and a more realistic visual feedback will be included in future ex-vivo testing using other tissue types, as well as more realistic scenarios in terms of insertion angles and soft robot configuration. For this purpose, as discussed in Section IV-C, existing hybrid motion-force control approaches will be extended and generalized for multisegment soft continuum manipulators with variable stiffness. Furthermore, additional clinical requirements will be considered to perform in-vivo testing and clinical trials, where the proposed system's advantages relative to open surgery and MIS with traditional rigid tools can be most highlighted. In future research, a real-life comparison between the performance of the STIFF-FLOP soft robot and surgeon will be considered for the benchmarking exercise, using data from in-vivo experiments. It is envisaged that the modularity in design will enable this new generation of soft pneumatic continuum manipulators to be used in conjunction with other well-established rigid surgical robots, such as the da Vinci robot.
